Electron cyclotron emission imaging (ECEI) can provide measurements of 2D electron temperature fluctuation with high temporal and spatial resolution in magnetic fusion plasma devices. Two ECEI systems located in different toroidal ports with 67.5 degree separation have been implemented on J-TEXT to study the 3D structure of magnetohydrodynamic (MHD) instabilities. Each system consists of 12 (vertical) × 16 (horizontal) = 192 channels and the image of the 2nd harmonic X-mode electron cyclotron emission can be captured continuously in the core plasma region. The field curvature adjustment lens concept is developed to control the imaging plane for receiving optics of the ECEI systems. Field curvature of the image can be controlled to match the emission layer. Consequently, a quasi-3D image of the MHD instability in the core of the plasma has been achieved.
Introduction
By extending the conventional 1D electron cyclotron emission (ECE) radiometry into 2D, electron cyclotron emission imaging (ECEI) systems permit the visualization of the 2D electron temperature fluctuation in the fusion plasma devices, such as TEXTOR [1] , DIII-D [2] , KSTAR [3] , ASDEX-U [4] , HT-7 [5] , and EAST [6] . Because of the development of millimeter-wave mixer arrays [7] and an optimized optical system, ECEI imaging diagnostics are able to cover an area in the cross-section of the plasma with high spatial resolution to study magnetohydrodynamic (MHD) instabilities. The MHD instabilities such as sawtooth [8] [9] [10] , tearing modes [11] , and Alfven eigenmodes [12] have been measured and studied by an ECEI diagnostic. Due to the profound theoretical understanding and the rapid advancement of computer technology, a variety of 3D MHD codes [13, 14] have been developed to address the 3D structure of the MHD instabilities. The realistic simulation studies [15, 16] have played a key role in the macroscopic description of the natural 3D behavior of plasma in the magnetic confined devices. However, there is a gap between experimental study and numerical simulation, since few experiments have been carried out to investigate the 3D-related issues, except the quasi-3D imaging of the edge-localized mode studied on KSTAR [17] . Although quasi-3D images of multiple flux tubes were studied in the core plasma region [18, 19] on KSATR, they are actually reconstructed by two partial pieces of = q 1 surface measured by two ECEI systems with a toroidal separation. The entire = q 1 surface cannot be covered by a single set of the ECEI system due to the limited intermediate frequency (IF) bandwidth of the systems. It is vital to set up a new 3D diagnostic, which can provide a wide enough observation area to cover the whole = q 1 surface. With the new diagnostic, it will be more reliable to study the 3D characteristics of MHD instabilities in the core plasma region.
The Joint-TEXT (J-TEXT) tokamak [20] , which is a conventional machine with an iron core, provides an important test bed for ECEI systems to study MHD instabilities. In this paper, two sets of ECEI systems developed on J-TEXT for investigating the 3D structure of the electron temperature fluctuation are demonstrated. The first ECEI (ECEI-1) is installed on port 2, and the second (ECEI-2) on port 5 is toroidally separated from ECEI-1. The separation p´=  2 67.5 3 16 is limited by the available ports of J-TEXT, and the measurability of the toroidal mode number is also taken into consideration. According to the geometrical limitation of J-TEXT, the optics are newly designed with a field curvature adjustment (FCA) lens [21] to control the shape of the imaging plane. The temporal and spatial resolution of the systems are about 1 us and 15 mm, respectively. Both ECEI systems can form a 12 (poloidal) × 16 (radial) image to cover the same region in the core plasma, so that the 3D characteristics of the MHD instabilities can be reconstructed. = m 1 (m is the poloidal mode number) mode is observed by the two ECEI systems synchronously and the spiral symmetry of the rotation plasma is revealed. figure 1 (a). It implies that only the second harmonic of ECE radiation, the frequency of which is from 91-133 GHz, can propagate in J-TEXT plasma and be detected by ECEI antenna array. For the purpose of investigating the 3D characteristics of the MHD structure in the core plasma region, both ECEI systems should cover the same region.
ECEI systems on J-TEXT
ECEI-1 and ECEI-2 are independent systems with respective optics, antenna arrays, and electronics on different ports of J-TEXT. The layout of the two systems can be found in figure 2 . The ECE radiation coming out from the plasma is mixed with the local oscillation (LO) frequency on the antenna array and down-converted to the IF. The downconverted ECE radiation is amplified by the 2-20 GHz lownoise preamplifiers and transmitted to the IF electronic modules. The IF signal is divided into 16 portions by power dividers to then mix with 16 separate LO signals generated by onboard voltage-controlled oscillators (VCOs). The IF electronic modules are identified as low-and high-frequency modules according to the VCO frequencies, as shown in In order to save costs and time during the implementation of the new 3D-ECEI system, the antenna arrays and LO sources of the two ECEI systems are borrowed from the previous ECEI systems on HT-7 and EAST tokamak, respectively. More details of the two systems will be discussed in the following subsections.
ECEI-1 system
The ECEI-1 antenna and mixer array employ dual dipole antennas, together with a hyper-hemispherical substrate lens shared by all antenna elements [1] . The LO source, which is supplied by a Gunn oscillator, couples to the detector array from the back side of the antenna array board. There are 12 antennas in the array with the interval between two antennas about 2.032 mm. In the current configuration, poloidal coverage of ECEI-1 is from 100-210 mm with a zoom factor of 1.57-3.70. It has been proved that the hyper-hemispherical substrate lens will cause serious image aberrations to the ECEI diagnostic [21] . In normal cases, the field curvature will be significant for the front optical lenses if no FCA lenses are adopted. Thus, the image of temperature fluctuation would be distorted and the spatial resolution is deteriorated. As shown in figure 3 , the newly designed optical system is simulated by Gaussian beam tracing. Two FCA lenses are utilized to correct the aberration induced by the hyper-hemispherical substrate lens for the ECEI-1 system. The imaging plane of the optics is denoted in figure 3 and the field curvature can be taken as the bending degree of the plane. According to the simulation, the field curvature of the image is reduced to 1-5 mm, which is better than that (about 80 mm) of the ECEI system on HT-7 [21] .
ECEI-2 system
The antenna and mixer array in the ECEI-2 system, separated from the one in ECEI-1, is similar to the one used in the DIII-D ECEI system [2] . A single mini elliptical lens is assigned to each dual dipole antenna in the array. The application of the mini-lens leads to simplified and flexible optical coupling. ECEI-2 system has twelve antennas with the adjacent interval about 22 mm. While the zoom factor is about 0.56-1.1, ECEI-2 optics can cover 150-325 mm in the poloidal direction. A backward wave oscillator (BWO), which is more stable and has higher signal-to-noise ratio, is employed as the LO source. The BWO can work at a wide frequency range (90-140 GHz), but it is adjusted to 98 GHz during the experiment, since the frequency of the Gunn oscillator is fixed to 97.5 GHz.
Due to the advantages of the mini-lens, ECEI-2 can cover a wider area than ECEI-1 in the poloidal direction, and only one FCA lens is utilized for ECEI-2 to reduce the field curvature of the image layer, as shown in figure 3 . According to the simulation, the field curvature of ECEI-2 is about (1 mm) 1% of the Rayleigh length. Another merit of the optimized optics is that the field curvature is fixed when the imaging position changes. In other words, the image shape varies little while focusing on different radial positions in the plasma [21] .
Observation of the helical symmetry of 1/1 mode
In the 2013 J-TEXT campaign, first data demonstrating sawtooth instability were achieved by the quasi-3D-ECEI system. The time evolution of electron temperature T e of two selected points, which is processed with a 15 kHz low-pass filter, is shown in figure 4(a) . The two points with toroidal separation are located in the same poloidal and radial positions, which are marked as black dots in the observation areas of ECEI-1 and ECEI-2, respectively. Sawtooth phenomena and relative precursor modes are demonstrated in these time histories of T .
e In order to highlight the precursor mode, a filter with a band pass from 5-15 kHz is applied to the signal of electron temperature fluctuation The differences between the images of ECEI-1 and ECEI-2 are well depicted, which are induced by the toroidal separation of these two imaging diagnostic systems. An angular difference in the poloidal direction is estimated by comparing frames ECEI-1-(3) and ECEI-2-(3). Using the intensity weighted averaging method, the mass centers of the hot islands are calculated and marked as a black cross in frame ECEI-1-(3) and ECEI-2-(3), respectively. Projecting the center of the hot island in frame ECEI-2-(3) onto the frame ECEI-1-(3), the poloidal angle between the two islands is calculated to be 63.2°, which is very close to the toroidal gap (67.5°) of the two ECEI systems. The result is also consistent with the phase shift shown in figure 4(b) . The helical symmetry of the sawtooth precursor mode
1 is well demonstrated via this 3D-ECE imaging system.
Conclusion
Two sets of ECEI systems have been successfully installed on J-TEXT to study the 3D characteristics of the MHD instabilities in the core plasma region. Their toroidal separation is about 67.5°, so that the limitation of the toroidal mode number measured by ECEI systems is five < ( ) n 5 . Each of the systems can form a 2D image with high special resolution by the optimized optics. The sawtooth precursor mode is detected by the two sets of ECEI systems, and the quasi-3D structure of the mode is reconstructed. Helical symmetry of the precursor mode is proved by the quasi-3D-ECEI system. Further experimental investigations into the 3D characteristics of other MHD modes are still in progress. This system will also provide more opportunities for other important topics, like the investigation of 3D equilibrium, etc.
